The effects of Ce incorporation into ZrO 2 on the catalytic performance of 
Introduction
Several studies have indicated that support composition affects the activity of Cubased catalysts for CO hydrogenation to methanol [1] [2] [3] [4] [5] [6] . Zirconia has proven to be a particularly promising support for such applications, since Cu/ZrO 2 catalysts can be operated with or without the presence of CO 2 [7] [8] [9] [10] [11] . Mechanistic studies have shown that for such catalysts CO adsorbs preferentially on the surface of zirconia to form formate species which then undergo hydrogenation to produce methanol. The hydrogen atoms required for this process are produced by dissociative adsorption of H 2 on the surface of the dispersed Cu and then spillover onto the zirconia surface. Recent work by
Bell and co-workers [12, 13] has demonstrated that the phase of zirconia can also influence catalyst activity. Thus, Cu/m-ZrO 2 (m-ZrO 2 -monoclinic zirconia) was shown to be nearly an order of magnitude more active for methanol synthesis than Cu/t-ZrO 2 (t-ZrO 2 -tetragonal zirconia) for equivalent zirconia surface areas and surface concentrations of dispersed Cu. This difference is attributed primarily to the presence of oxygen vacancies on the surface of m-ZrO 2 , which facilitate the reaction of CO with neighboring hydroxyl groups to generate formate species and provide additional sites for hydrogen activation and storage. These properties result in higher CO adsorption capacities and higher rates of reductive elimination of methoxide species on Cu/m-ZrO 2 relative to Cu/t-ZrO 2 . Since the availability of atomic H on the surface of zirconia is essential for the hydrogenation of adsorbed CO, a motivation exists for exploring means for increasing the hydrogen adsorption capacity of zirconia.
CeO 2 has been utilized in automotive three-way catalysts to serve as an oxygenbuffering component during rich/lean oscillations of exhaust gases [14] [15] [16] [17] [18] . The ability of CeO 2 to either donate its oxygen or adsorb and store oxygen derived from molecular sources stems from the facile, reversible redox cycle Ce 4+ ⇄ Ce
3+
. Reduction of CeO 2 to CeO 2-x stoichiometries results in the generation of oxygen vacancies throughout the oxide lattice. Incorporation of Zr 4+ into the CeO 2 lattice enhances reducibility and increases the oxygen-storage capacity of the solid solution [14, 15, 17, 19] . Spectroscopic studies suggest the coordination number of the smaller Zr ion decreases in the mixed oxide, increasing oxygen mobility and the creation of vacancies [20] .
The present study was undertaken to examine the influence of Ce incorporation into ZrO 2 on the catalytic activity of Cu/Ce x Zr 1-x O 2 for methanol synthesis from CO/H 2 .
ZrO 2 and Ce 0.3 Zr 0.7 O 2 were prepared by forced hydrolysis at low pH and Cu was dispersed on the surface of these materials by deposition precipitation. Catalysts were characterized by XRD, Raman spectroscopy, temperature-programmed reduction (TPR) in H 2 , and catalyst H 2 and CO adsorption capacities were measured by temperatureprogrammed desorption (TPD). Steady-state catalytic performance measurements were supplemented with dynamic surface studies using in-situ infrared spectroscopy.
Experimental

Catalyst Preparation
ZrO 2 was prepared by boiling a 0. Prior to testing or characterization, each catalyst sample was calcined in a 10% O 2 /He mixture flowing at 60 cm 3 /min. The sample was heated from room temperature to 573 K at 0.5 K/min and then maintained at 573 K for 2 h. The sample was then cooled to 323 K, swept with He, and then reduced in a 10% H 2 /He mixture flowing at the rate of 60 cm 3 /min while the temperature was increased at the rate of 2 K/min up to 573 K. The flow of 10% H 2 /He was maintained at 573 K for 1 h prior to switching to a flow of 100% H 2 for an additional 1 h.
Catalyst Characterization
The crystallographic phase of each material was determined by both X-ray diffraction and Raman spectroscopy. XRD patterns were obtained with a Siemens D5000
diffractometer, which uses Cu-Kα radiation and a graphite monochrometer. Scans were made in the 2θ range of 10 to 120° with a step size of 0.02° and a time/step of 11 s.
Rietveld refinement was performed using EXPGUI GSAS software [21] . Raman spectra were recorded with a HoloLab 5000 Raman spectrometer (Kaiser Optical) at room temperature at resolution 2 cm -1 . The stimulating light source is a Nd:YAG laser, the output of which is frequency doubled to 532 nm. Laser power at the sample was approximately 20 mW.
The BET surface area of each ZrO 2 support was determined using an Autosorb 1 (Quantachrome Instruments) gas adsorption system with nitrogen adsorption/desorption isotherms. Prior to each analysis, samples were dried at 393 K under vacuum for > 2 h.
BET surface areas were calculated using a 5-point isotherm. 
Catalyst Testing
Activity and selectivity measurements for CO hydrogenation were carried out in a continuous flow, fixed-bed reactor. Details of the apparatus have been described previously [12] . Reactions were carried out with 0.15 g of catalyst at a pressure of 3.0
MPa. Total reactant gas flow was 60 cm 3 /min with a H 2 /CO ratio of 3/1. Product gas mixtures were analyzed after 2 h on stream at a given temperature. Temperature was then ramped to the successive temperature at a rate of 2 K/min. Conversion and selectivity were referenced to CO, the limiting reactant.
Infrared Spectroscopy Studies
In-situ transmission infrared spectroscopy experiments were conducted using a 
The nature of surface species and the dynamics of CO adsorption and hydrogenation were studied using in-situ infrared spectroscopy. Figure 6 shows spectra obtained during CO adsorption on 1.2 wt% Cu/m-ZrO 2 at 523 K. The catalyst was exposed to a flow of 15% CO/He at a total pressure of 0. suggesting that the presence of Ce favors the formation of these species. Similar broad bands have been observed after CO adsorption at high temperature on CeO 2 [67] .
After CO adsorption for 1 h, transient response spectra were obtained during CO hydrogenation by introducing H 2 into the flowing 15% CO/He (total pressure = 0.50
MPa) so as to achieve a H 2 /CO ratio of 3/1. Figure 8 shows spectra obtained on 1. [70] . On both catalysts, the concentration of methoxide species increases rapidly from the levels observed during CO adsorption, reaching values within 95% of the steady-state concentration in < 1 h.
The relative rates of consumption of formate and methoxide species was examined by switching from a CO/H 2 mixture to one containing only H 2 . Figure 11 compares Cu/m-ZrO 2 (~ 4 min) (see Fig. 11(c) ). The apparent first-order rate constant for the removal of methoxide species, k app , determined from the initial portion of the transient is Figure 10 . Each material exhibits hydroxyl group consumption bands at ~ 3728 cm -1 and ~ 3670 cm -1 at the conclusion of CO hydrogenation (t = 0 in Fig. 12 ).
After the switch to an H 2 -only feed, the bands decrease in negative absorbance with progressing time, indicating a net recovery of hydroxyl groups over the course of the experiment. This is consistent with removal of formate and methoxide groups adsorbed at these sites during reaction through hydrogenation to methanol [5] . In their studies of methanol synthesis over Cu/t-ZrO 2 and Cu/m-ZrO 2 Bell and coworkers [13] established that the rate limiting step is reductive elimination of Zr-OCH 3 species. As a result, the observed rate of methanol synthesis is proportional to the product of the apparent first order rate coefficient for methoxide reductive elimination, under steady-state reaction conditions. Hence, the ratio of the product k app ·θ CH 3 O is ~ 3.8 in favor of 1.2 wt% Cu/t´´-Ce 0.3 Zr 0.7 O 2 . This figure is in reasonable agreement with the observed ratio of methanol synthesis activities, ~ 2.7, once the measured rates are corrected for differences in the surface areas of the oxide and the dispersed Cu.
Conclusions
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